Functional characteristics of tuberculosis (TB)-specific CD4
T cells were studied in clinically active pulmonary TB (n 5 21) and high TB exposure including LTBI (n 5 17). Following tuberculin stimulation, activated CD4 T cells were identified by flow-cytometry (CD154 up-regulation, degranulation, interferon c [IFN-c], tumor necrosis factor a [TNF-a], and interleukin 2 [IL-2\ production). Interestingly, CD154 upregulation accounted for 80% of activated CD4 T cells in the active TB group but just 40% in the controls, whereas IFN-c accounted for only 50% of activated cells in each group. The frequencies of CD4 T cells displaying at least 1 activation marker discriminated better between the groups than those displaying degranulation or IFN-c production alone.
Infection with Mycobacterium tuberculosis or other M. tuberculosis complex strains can be readily identified by interferon c (IFN-c) release assays (IGRAs). These tests identify either interferon c (IFN-c) production (Quantiferon) or the percentage of IFN-c producing T cells (T-Spot TB). However, IGRAs do not discriminate between latent tuberculosis (TB) infection (LTBI) and active TB [1] . The control of LTBI by the immune system is the single most important factor in halting TB on a global scale. Improving discrimination between LTBI and active disease is a priority in areas where treating all infected cases is not possible. Interestingly, in TB contacts a positive Quantiferon tests is more predictive of subsequent active TB than a positive skin test [1] . How the immune system controls LTBI is not well understood, but CD4 T cells play an important role [2] . Likewise, it is well known that antagonizing tumor necrosis factor a (TNF-a) (produced by activated CD4 T cells) may result in reactivation of LTBI [3] . Here we explore the activation marker profiles of TB-specific CD4 T cells in order to identify differences between patients with acute pulmonary TB (apTB) and clinical staff with high TB exposure (hE) including cases of confirmed LTBI. The simultaneous production of TNFa, IFN-c and IL-2, has been widely discussed in the recent literature as important in the protection against microbes [4] [5] [6] . Our panel of activation markers for the detection of tuberculininduced activated T cells included TNF-a, IFN-c, interleukin 2 (IL-2), CD107-mobilization (degranulation), and CD154-upregulation. The use of this panel exposed a marked difference in the frequency of tuberculin-specific T cells between apTB and hE, suggesting that a drop in overall numbers of tuberculinspecific T cells is associated with active TB.
MATERIALS AND METHODS

Patients and Patient Materials
TB patients were recruited from Lungenklinik Lostau (LL). Only patients with positive M. tuberculosis culture (sputum and/or bronchio-alveolar lavage fluid) were classified as having clinically active pulmonary tuberculosis (apTB) according to the criteria of the American Thoracic Society [7] (n 5 21, 10 female, 11 male, age1/2standard deviation [SD] 5 491/224 years). A tuberculin skin test .5 mm was reported in 15 of 18 tested patients (median 10 mm). BCG-vaccinated, long-term directly apTB exposed hospital staff (hE) were recruited at LL and Charité Campus Mitte (CCM) (n 5 17, 12 female, 5 male, age1/2 SD 5 421/211 years), 14 were tested for LTBI by the commercial 'Quantiferon Gold in-tube' test, 7 tested positive. Donors with no known TB exposure but BCG-vaccinated (n 5 7) or not (n 5 7) were recruited additionally. Most TB patients were BCG-vaccinated, all of them tested HIV-negative. No other participants were known/suspected to be HIV-positive. There were no significant ethnic differences between the groups. TB treatment generally included isoniazid, ethambutol, and rifampicin; in some cases also pyrazinamide. Blood was anticoagulated with sodium citrate. Written informed consent was obtained as approved by the Charité Ethics Committee.
Reagents for Stimulation
Tuberculin (Statens Serum Institute, Copenhagen, Denmark) and SEB (Sigma, St. Louis, MO, USA) were dissolved in DMSO (Pierce, Rockford, IL, USA) prior to lyophilisation.
T Cell Activation and Flow-Cytometry
PBMCs were prepared within 4 h of blood collection, 200 mL aliquots (5 3 10 6 cells/mL) in complete RPMI culture media (Gibco/Invitrogen) were placed in 8 well-strips (part of 96-well strip-well plates) containing lyophilized stimulants (solvent alone for negative control, SEB for positive control, tuberculin), anti-CD107a [8] , and Monensin (Sigma). Wells containing SEB also contained Brefeldin A (BFA; Sigma). All wells were reconstituted with 25 mL of PBS (Sigma) prior to PBMC addition. At 2 h, 25 mL of complete culture media was added to each well, tuberculin wells also received BFA at that time, allowing tuberculin processing during the first 2 h. Unstimulated controls were run for all conditions. Final stimulation volume was 250 mL, final concentrations of Monensin and BFA were 5 mg/mL each, final concentrations of tuberculin and SEB were 10 mg/mL and 1 microgram/mL, respectively. Plates were incubated for 16 h (37°C, 5% CO 2 ). This was followed by the addition of 20 mL of 20 mmol/L EDTA (Sigma) in PBS/0.1% sodium azide (Sigma) to each well; extra-and intracellular staining followed the published protocol for lyoplates [9] . At least 200,000 lymphocytes were acquired per tube (LSR II flowcytometer, BD Biosciences). Data were analyzed using FlowJo software (Treestar) and a standardized gating procedure. Frequencies of .01% positive CD4 T cells or more (with respect to each activation marker) were considered positive responses [10] . Examples are shown in Figure 1 . Boolean gating created 31 nonoverlapping subsets covering all possible activation marker combinations. These were used to calculate the cumulative percentage of cells displaying each activation marker (eg, the sum of all IFN-c producing subsets) and subsets of interest (the mean counts for subsets displaying at least 1 activation marker were 672 for apTB and 829 for hE).
Monoclonal Antibodies and Beads
Pacific-blue (PB)-labeled anti-CD3, Peridine-Chlorophyll (PerCP)-Cy5.5-labeled anti-CD4, AmCyan-labeled anti-CD14, Fluorescein-Iso-Thio-Cyanate (FITC)-labeled anti-CD27, Phycoerythrin (PE)-labeled anti-CD154, PEAlexa 610-labeled CD107a, PE-Cy7-labeled IFN-c, Allophyocyanine (APC)-labeled anti-IL-2, and AlexaFluor-700 labelled TNF-a, antiMouse Ig, j/Negative Control (FBS), and compensation particles were provided by BD Biosciences. SPSS software version 15.0 was used for statistical analysis.
Interferon-g Release Assay
The Quantiferon Gold in-tube test (Cellestis, Darmstadt, Germany) was performed according to the manufacturer's instructions. 
RESULTS
Two different types of analysis were performed, first, ''frequencies'' of tuberculin activated CD4 T cells as a percentage of all CD4 T cells, second, the ''proportions'' of cells displaying certain activation markers among all activated CD4 T cells. CD8
T cell responses to tuberculin were exceedingly rare, very small, and therefore not analyzed further.
Tuberculin-Inducible CD4 T Cells in Peripheral Blood are Decreased in Active Tuberculosis
ROC curves in Figure 2A show that the frequency distribution of CD4 T cells bearing at least 1 of the 5 activation markers (all detectable activated cells) discriminated well between hE and apTB, degranulation (CD107) and IFN-c reasonably well, and other single parameters less well. Figure 2B shows the corresponding frequencies of CD4 T cells bearing each individual activation marker. For comparison, results from BCGvaccinated and non-BCG-vaccinated individuals with no known TB exposure are shown as well. Their responses were generally smaller or absent (especially in the nonvaccinated group). All displayed frequencies seem to be higher in hE than in apTB. These differences were significant for degranulation and IFN-c only, in agreement with the ROC analysis ( Figure 2A ). We also evaluated whether the same or similar frequencies of activated cells were detectable when using only 2, 3, or 4 of the activation markers in our panel. The best combinations of 4 markers were those leaving out IL-2 or TNF-a, and, unsurprisingly, the best combination of 3 markers was that leaving out both. Such a panel including CD154, CD107, and IFN-c would be able to identify 91.71/27.5% (mean1/2 SD ) of all activated cells and still discriminate between the groups (AUROC .800, P 5 .002, not shown). Other combinations of 3 or 2 markers only would detect fewer activated cells and would not be able to discriminate apTB from hE. Interestingly, IFN-c/TNF-a/IL-2 triple-positive 'polyfunctional' [4] CD4 T cells have been observed more frequently in active TB than in LTBI after stimulation with Ag85B, ESAT-6 and 16-kD [11] or tuberculin and an ESAT-6/CFP-10 fusion protein [12] . Following tuberculin stimulation, we found this subset in all apTB patients and hE controls, accounting for 14.7% and 8.3% (median, P 5 .191) of activated CD4 T cells, respectively. This finding seems to support the reported differences, but was not statistically significant and no acceptable discrimination of the groups was provided by this subset. Figure 2C shows the proportion of all activated cells detected by each of the single activation markers (cells displaying at least one marker 5 100%). Of note, in apTB, CD154 up-regulation and TNF-a production occurred in much larger proportions of activated T cells than in hE. The functional implications of this are not clear, in particular for cells displaying only CD154 upregulation. The data, however, show that marked functional changes can be found among tuberculin-specific CD4 T cells in active pulmonary disease. Of note, the markers that discriminated least between the groups in terms of CD4 T cell frequencies discriminated most in terms of their proportions among activated cells. The tuberculin-specific responses of BCG-vaccinated and non BCG-vaccinated groups with no known exposure are not shown, since the majority of responses were too small for this type of analysis. Figure 2D visualizes qualitative response differences between apTB and hE. The diagram conveys a sense of progression starting from the bottom left to the top right.
Proportions of T Cells Displaying CD154 Up-Regulation and TNF-a Production Differ Significantly between the Groups
DISCUSSION
In this study the frequencies of tuberculin-specific CD4 T cells carrying at least 1 of the 5 measured activation markers were significantly higher in individuals with hE than apTB. Single activation markers were less good at discriminating the 2 groups than the combination of all. The fact that more degranulating and IFN-c-producing cells were found in hE than apTB is in agreement with findings on IFN-c release assays in The Gambia, where active TB cases had smaller responses than latently infected individuals [13] . It suggests that control of M. tuberculosis in LTBI and highly exposed individuals may be partly due to higher numbers of TB-specific CD4 T cells compared with active cases; however, an interpretation focused on response size would not consider potential differences in response ''quality'' [4, 14, 15] . Furthermore, a difference in response size in peripheral blood might result from activated T cells migrating to infected tissues.
Our data illustrate the important difference between studying activation marker positive cells in percent of CD4 T cells or as a proportion of the activated cell subset. There is no right or wrong in using frequencies of CD4 T cells or proportions of activated cells, or even absolute counts, as long as the use of data is clear and transparent. For example, median frequencies of CD154-up-regulating and TNF-a-producing CD4 T cells are higher in hE than apTB. However, in apTB 80% of all activated CD4 T cells on average up-regulate CD154 and .60% produce TNF-a compared with ,40% and ,30%, respectively, in hE.
Interestingly, IFN-c production occurred in only half of the detectable, tuberculin-specific CD4 T cells (50% in each group). Adding relevant additional activation markers (to be identified) to the panel would decrease this proportion even more.
The proportion of T cells simultaneously producing IFN-c, TNF-a and IL-2 among all activated cells seemed higher in apTB than hE, but unlike in other reports [11, 12] this was not a significant difference, probably owing to different stimulation conditions and activation marker panels.
In conclusion, individuals with LTBI or high exposure to TB possess higher frequencies of TB-specific T cells in the peripheral blood than individuals with apTB. Whereas TNF-a production and CD154 up-regulation are dominant components of this response in apTB, IFN-c production is the most dominant component in highly exposed and latently infected individuals.
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